Introduction
Domain walls strongly change, or can even dominate, the properties of ferroelectric materials [1] . Since the discovery of interesting properties, such as domain wall conductivity in ferroelectric thin films [2, 3] , they are even more the focus of interest, firstly due to the scientific endeavour to understand the underlying physical effects but also due to their potential application in novel types of electronic devices. In order to examine such effects, the domain structure has to be created in a controlled way. One possibility is to induce a specific amount of tensile misfit strain in thin films by depositing them on an accordingly suitable substrate material. This leads to the formation of ferroelastic domains, which can form only in two directions due to elastic confinements by the substrate. The amount of misfit strain determines the density of the domains.
In this report, PbZr 0.10 Ti 0.90 O 3 (PZT) thin films are investigated, wherein the composition is close to the prototypic ferroelectric PbTiO 3 . Its strong tetragonality gives a wide misfit window to control its a-domain structure and should also promote a well-defined a-domain geometry.
Experimental
Heterostructures comprising a 30 nm thick SrRuO 3 (SRO) bottom electrode layer and a 30 nm thick PbZr 0.10 Ti 0.90 O 3 (PZT) ferroelectric layer were grown by pulsed laser deposition onto a SmScO 3 (SSO) substrate (CrysTec GmbH, Germany) with a miscut angle of 0.1
• towards the [110] direction. The pseudocubic lattice parameter of SRO is 0.3933 nm
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[571]/37 [4], the tetragonal axes of PZT are a = 0.3914 nm and c = 0.4138 nm [5] and the lattice parameters of the perovskite unit cell of the orthorhombic SSO are a = 0.3988 nm and b = 0.3992 nm [6] (along the orthorhombic [110] and [001] direction, respectively). Prior to growth the SSO was annealed and etched in buffered HF and NaOH [7] . The SRO and PZT layers where grown at T SRO = 625
• C and T PZT = 575
• C at an oxygen pressure of p O2,SRO = 0.145 mbar and p O2,PZT = 0.250 mbar with the KrF excimer laser having a repetition rate of 2 Hz and 3 Hz respectively and an energy density of 1 J/cm 2 . Piezoresponse force microscopy (PFM) was performed using an Asylum Research Cypher AFM, X-ray diffraction (XRD) was done with a Bruker D8 DISCOVER diffractometer. Figure 1 shows a typical PFM image of the PZT films. Two different kinds of contrast are visible in the PFM amplitude: firstly, the partially curved dark lines are revealed by the PFM phase as a border where the out-of plane polarization changes orientation by 180
Results and Discussion
• . Secondly, there is a weaker contrast within the bright areas, caused by a dense a/c domain structure. This is in contrast to the growth of PbTiO 3 , which grows with a purely in-plane polarization on this kind of substrate due to its larger mismatch [8] . The a/c domain structure generates strain which leads to a deformation of the surface [9] as observed in the topography image. In spite of this deformation, the RMS roughness is only about 400 pm on the 3 × 3 μm 2 scan area, evidencing the excellent film quality. The dense a/c domain pattern has a periodicity of about 20-40 nm and is continuous over an area of width about 100-200 nm but with length up to 1-2 μm. Within one area both the in-plane and the out-of-plane orientations of the polarization remain constant. Therefore an effective, large scale, or net, polarization can be attributed to such an area by simple addition of the local polar vectors. When passing from one area to the next, the direction of either the net out-of-plane or of the net in-plane polarization changes. Due to these properties, these areas could be considered as 'superdomains', giving rise to an ordering on two different length scales covered by the dimensions of both structures [10] [11] [12] .
The orientation of the boundaries between the superdomains is not arbitrary. The dense a/c domain structure follows the crystallographic axes of the substrate due to the misfit strain exerted along these directions. Therefore the boundary between them is determined by the a 1 /a 2 domain wall resulting in an orientation along the two pseudocubic [110] pc directions [13] . For the boundaries given by the change of the out-of-plane polarization, four possible orientations exist. Two of them correspond to the ones given by the a 1 /a 2 domain wall discussed above, which now additionally exhibits a change of the out-of-plane orientation. The second set of boundaries is exactly perpendicular to the narrow a/c domain pattern.
However, it is evident that the two possible orientations are not uniformly distributed. Instead they show a preferred orientation along the [001] direction of the substrate. This orientation preference can be attributed to the anisotropy of the substrate lattice parameters. At high temperature, the lattice parameter of SSO along the [001] direction is slightly larger, which gives rise to a preferred nucleation of domains in this direction in order to release the strain. Therefore the a/c domain pattern develops first along the [001] direction during cooling after growth. The a-domains that form along the [110] direction have to comply with the already existing pattern. Therefore their growth is impeded by the perpendicular structure thus preventing the extension of the a/c domain structure along the [110] direction. These kinetics can explain the observed anisotropy, even though the mismatch difference between the film and the two substrate axes can be neglected at room temperature.
Since the superdomain boundaries should provide clues about the overall structure, it is worth looking closer into their fine-structure. An enlargement, of the central area from Fig. 1 , is shown in Fig. 2 , allowing closer analysis of the existing superdomain boundaries.
The boundary of type (1) is characterized by a change of the orientation of both the c-domain and a-domain polarizations as drawn schematically in Fig. 3(1) . If the c-domain polarization changes its orientation, the a-domains must also change, either the orientation of their polarization, or the domain wall tilt direction e.g. a change of the domain wall from (101) to (101). In order to have a compatible domain wall tilt direction between the two different a-domains across the boundary, the polarization direction of the a-domains changes by 90
• as shown schematically in Fig. 3(1) . In the case of the boundaries as depicted in Fig. 2(2) , the c-domain polarization remains the same, while only a change in the orientation of the a-domains is observed. Since the orientation of the in-plane polarization of the narrow a-domains cannot be resolved within the current PFM setup, two scenarios can be envisaged (Fig. 3(2a) and (2b) with the only difference being the reversal of the a-domain polarization on the left-hand side of the superdomain boundary which thus in turn changes the domain wall tilt direction. However, since the polarization of the c-domain doesn't change, this results in a non-compatible domain wall tilt across the superdomain boundary (Fig. 3(2b) ). This mechanical incompatibility would cause a large elastic strain, making this kind of behaviour energetically costly. If the a-domain orientation is assumed as in Fig. 3(2a) , this mechanical incompatibility is Figure  2 . A blue boundary designates compatible conditions, whereas at the place of a thick red boundary either mechanical or electrostatic incompatibilities exist.
avoided. However, the price for this is that the polarization component perpendicular to the boundary is either head-to-head or tail-to-tail, creating a charged interface for the a 1 /a 2 domain wall. Due to the aforementioned experimental indistinguishability of these two scenarios it is not possible to determine which one occurs. However, both scenarios will involve an incompatible component, which makes this type of boundary a likely candidate for unique properties related to domain walls. The possibility of partially charged domain walls in the second scenario makes the occurrence of high domain wall conductivity very likely [14] .
Boundary (3) exhibits a jagged shape and is turned by 45
• with respect to the other boundaries. Across this boundary, both the in-plane and the out-of-plane polarization components change direction. Additionally, this boundary is accompanied by a strong deformation of the surface (see Fig. 1a ). This strong surface deformation indicates an elastic incompatibility of the two domain patterns. A state where a-domains terminate in a needle tip would be able to create a strain which could result in such a surface deformation [15] . Therefore a domain pattern as imagined in Fig. 3(3) has to be assumed wherein, across the superdomain boundary, polar orientations of both a-and c-domains change i.e. a change in net polarization. However now the two sub-patterns are offset with respect to one another i.e. the a-domains meet the c-domains across the superdomain boundary. This 'phase' offset in turn causes the observed surface deformation. A possible explanation for this observed behaviour could lie in the fact that the two domain patterns, most likely, nucleate at different points of the sample. When they grow and meet each other, the mutual clamping within each pattern makes it energetically elaborate to shift the phase of the whole pattern, therefore it seems to be favourable for such structures to introduce the surface deformation instead. Without this domain pattern phase shift, the superdomain boundary would simply represent a 180
• domain wall which would not cause any surface deformation. All the other boundaries, though many structures may occur, consist of combinations of the discussed boundaries.
One distinct feature of the combination of superdomains is a flux closure structure [16, 17] existing over a large scale as observed in the top portion of Fig. 1b . The flux closure does not exist around a single point in order to avoid the associated singularity [18] . This structure is drawn schematically in Fig. 4a . However, the observed structure is not perfect, since other boundaries occur as well, giving rise to a similar, but more complex structure which still manages to maintain flux closure as is seen in Fig. 4b .
The formation of the domain structure releases the misfit strain imposed by the substrate. The amount of released strain depends on the specific domain pattern dimensionality, that is, whether the periodic nature of the a/c domain pattern is 2 dimensional (2D) or extends in all three spatial directions (3D). For thin films, it is usually assumed, that locally only one type of a-domain exists i.e. the polarization exists only in 2 dimensions and not the third, whereas for thick films a 3D variant is also possible. The fraction of a-domains is different for both kind of structures and can be calculated for a tetragonal film by means of the Landau theory from the relative coherency strain [19] :
In the case of the 2D variant the fraction of a-domains is:
with ν being the Poisson ratio. For a 3D variant the fraction of a-domains would be: As it can be seen from (2) and (3), the two fractions should be quite different. When calculating the expected fractions in PZT10/90 on SSO by using the corresponding material parameters, one would expect α = 44% for the 2D variant and α = 68% for the 3D variant.
Since it is not possible to resolve the width of the a-domains with PFM, XRD was employed to estimate the fraction of a-domains. Fig. 5 shows the θ -2θ scans of the first and second order diffraction peaks. For the second order, the substrate, SRO electrode and PZT c-domain as well as the a-domain peaks are well separated. This easily allows measurement of the rocking curves of the respective peaks. From such rocking curves the fraction of a-domains is determined to be approximately 69%, which is nearly a perfect match to the value calculated for the 3D pattern. This close agreement could suggest that a-domain crossings occur in the film, signifying a 3D domain variant.
In order to calculate the strain state of the films both the in-plane and out-of-plane lattice parameters were determined from reciprocal space maps (Fig. 6 ). It can be seen that the SRO is perfectly strained to the substrate, which is important to propagate the epitaxial strain from the substrate to the PZT layer. Even though the in-plane a-axes of the PZT layer are relaxed due to the formation of the observed dense a/c domain pattern, the lattice parameter is still partially strained to a value of 0.3946 nm which corresponds to a residual strain of about 0.8%. This residual strain is a measure of the energy needed for the creation of an additional a-domain. Since the tetragonality of the chosen PZT composition is quite high, the deformation around an a/c domain wall is large. This causes a high energetic cost for the creation of an additional a-domain, which is energetically unfavourable compared to the observed residual strain.
Summary
PZT films were grown on SSO substrates. This substrate imposes tensile strain which creates a dense a/c domain pattern within the PZT film. The fraction of a-domains as measured by XRD rocking curves suggests the formation of a 3D variant domain structure. On a larger scale, the a/c domain structure arranges into well-defined areas with an effective net polarization direction, which can thus be considered as superdomains. This hierarchical structure gives rise to an ordering on two size scales, effectively reducing the misfit strain throughout the film. The boundaries between the superdomains bear mechanical and electrostatic incompatibilities, making these regions promising to exhibit new functional properties. One type of boundary presumably exhibits partially charged domain walls where electrical conduction could potentially be enhanced compared to uncharged domain walls and the bulk. Additionally, the superdomains can arrange into large-scale structures, one observed example being a combination which results in a flux closure loop of the in-plane polarization component.
